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INTRODUCTION
Significant left main coronary artery (LMCA) disease is identified in 4-6% of patients undergoing coronary angiography and 24% of patients with acute coronary syndromes [25] . Revascularisation by coronary artery by-pass grafting (CABG) has been considered as the standard therapy for significant LMCA disease by improving long-term survival when compared to optimal medical therapy [3] . Advances in the drug eluting stent (DES) have made the percutaneous coronary intervention (PCI) more acceptable therapy as an alternative to CABG [3] . Randomised trials demonstrated comparable efficacy and safety between PCI and CABG for significant LMCA disease [3, 4, 26, 31] .
Distal LMCA stenosis can be presented with a wide variety of complexity [20, 26, 29] . PCI for distal LMCA stenosis is associated with relatively poor clinical outcomes [22, 29] . Angiographic in-stent restenosis which leads to repeat revascularisation is the main reason of distal LMCA PCI-related poor clinical outcomes [6] . Besides clinical predictors, anatomical factors are taken into account while making decision for type of revascularisation [31] . Presence or absence of bifurcation lesion, bifurcation type, distal bifurcation angle (BA) and characteristics of stenosis are generally used for anatomical score calculation in LMCA lesions [4, 31] . In the SYNTAX score, presence of LMCA distal BA < 70° is an adverse lesion characteristics due to the anticipated difficulty in covering the ostium of the side branch when a stent become necessary after main branch stenting [28] . Additional anatomical predictors for cardiovascular outcomes were also identified: diastolic to systolic change of LMCA distal BA by using three-dimensional (3D) quantitative angiography and post-stenting minimal lumen area (MLA) by using intravascular ultrasound [11, 17] .
Several studies have evaluated the LMCA BAs during the cardiac cycle in patients with normal LMCA [18, 24] . We aimed to investigate the dynamic BAs and LMCA dimensions by using coronary computed tomography angiography (CCTA) in patients with normal LMCA.
MATERIALS AND METHODS

Study population
Two hundred and one CCTA examinations of 201 patients were carefully selected from among 640 consecutive CCTA examinations performed patients in Department of Radiology, Diskapi Yildirim Beyazit Research and Training Hospital between January 2015 and May 2015. The following criteria were applied for inclusion: morphologically normal LMCA and ostial to proximal parts of left anterior descending artery (LAD) and left circumflex artery (LCX) (absence of atherosclerotic changes and luminal reduction), not more than 40% stenosis in right coronary artery (RCA) and the remaining parts of LAD and LCX (mid to distal parts of LAD and LCX) on CCTA, absence coronary anomalies (including absence of LMCA) on CCTA, sinus rhythm, absence of structural (valvular, myocardial, congenital) abnormality on echocardiography and high-quality CCTA examination (no obscured coronary artery patterns due to identifiable artefacts). Demographic and clinical data of patients were obtained from medical records and hospital database. All patients gave informed consent for CCTA procedure. The study was approved by the Ethics Committee of the Diskapi Yildirim Beyazit Research and Training Hospital (reference number: 26.10.2015-26/12) and conducted in accordance with the Helsinki Declaration.
CCTA imaging protocol
Patients received a beta-blocker 90-120 min before the examination (25-50-100-150-200 mg of metoprolol orally, based on resting heart rate), if resting heart rate exceeded 65 bpm. All patients included in the study were in sinus rhythm. The heart rate of all patients was below 65 bpm with or without premedication during CCTA imaging. Nitroglycerin was not administered before scanning. CCTA was performed using a 128-row multidetector computed tomography scanner (GE Optima 660 SE 64 Detector 128-slice CT, GE Healthcare, Milwaukee, USA). The following scanning parameters were applied: detector collimation, 64 × 0.625 mm; kVp, 120; mAs, 400-500; pitch range, 0.2-0.26; gantry rotation time, 0.35 s; and slice thickness, 0.6 mm. 'Standard' reconstruction filter was used. Electrocardiography (ECG) modulation was used in all CCTA examinations. First, a non--enhanced low-dose CT scan of the entire chest was performed. In the next step, a bolus of 80 mL nonionic contrast medium (iomeprol or iopromide) was intravenously injected (rate, 4 mL/s), via an 18-gauge catheter placed in the antecubital vein, followed by a bolus of 40 mL of saline. Scan delay was determined according to the Smart Prep programme (automatic bolus test; the region of interest was placed on the ascending aorta). The participants were instructed to maintain an inspiratory breath hold, during which the CT data and ECG trace were acquired.
Image reconstruction and data analyses
Image reconstruction was done using the retrospective ECG gating method. Data sets were acquired at phases 40%, 70% and 80% of the R-R cycle. The image data sets were processed on a separate workstation (Advantage Workstation version 4.6, GE Healthcare, Milwaukee, USA), and analysed, using curved multiplanar reconstructions in various planes and thin-slab maximum-intensity projection reconstructions, in addition to the axial source images. Coronary artery findings were reviewed in consensus by one experienced radiologists and a cardiologist.
Cross-sectional reconstruction images were used to determine area of the LMCA, LAD and LCX. The plane of measurement was truly perpendicular to the long axis of the coronary arteries. Measurements were obtained during the end-diastolic phase at four points of each LMCA: ostial LMCA, distal LMCA at bifurcation level, ostial LAD at bifurcation level (LAD carina) and ostial LCX at bifurcation level (LCX carina) (Fig. 1) . The length of the LMCA (distance between ostial and distal LMCA) was measured in all participants (Fig. 1) . If an artery came off exactly at the point of bifurcation, it was labelled as ramus intermedius (intermediate artery), and this branching pattern was considered as trifurcation ( Fig. 1) . For the assessment of the aortocoronary junction (corresponding to the junction between the aorta and LMCA) 2D reconstructions were used. The cranial take-off angle of the LMCA at the aortocoronary junction was measured on coronal left oblique (between 30° and 45°) plane view where segment of LMCA at least 1 cm in length were obtained (Fig. 2) . 3D-volume rendering (VR) image was used for the assessment of LMCA BAs as follows: LMCA-LAD, LMCA-LCX and LAD-LCX (LMCA distal BA) (Fig. 3) . BA is measured via calculating the angle between central vectors of both arteries. First central vector is placed upon minimum 1 cm in length distal part of first vessel. Second central vector is placed upon minimum 1 cm in length distal part of second vessel. After that, junction of the two central vectors is taken as a centre of angle (this measurement is made on 3D-VR images). Each BA was measured both during end-diastolic phase and end-systolic phase (Fig. 4) . LMCA distal BA was considered as Y-shaped when LMCA distal BA was < 70° at end-diastole, and T-shaped when distal BA was ≥ 70° at end-diastole. The term of "diastolic to systolic range (DSR)" was used to express absolute angle change regardless of the direction between end-diastole and end-systole and the term of "directional angular change (DAC)" was used to express angular change due to cardiac movement which was calculated as end-diastolic angle minus end-systolic angle.
Right coronary artery was considered dominant if the posterior descending artery (PDA) originated off the RCA, while LCX was considered dominant if the PDA originated off the LCX. Codominance was considered if both the LCX and the RCA contributed to the PDA. For the LMCA bifurcating trunks, three types were identified. Type I bifurcation was defined as the cross-sectional area of LAD greater than the cross--sectional area of LCX (LAD > LCX). Type II bifurcation was defined as the cross-sectional area of LAD equal to that of LCX (LAD = LCX). Finally, a type III bifurcation was defined as the cross-sectional area of LCX greater than the cross-sectional area of LAD (LCX > LAD).
Tapering segments of arteries were classified into four groups according to ratio of proximal and distal area of the segment. 
Statistical analysis
Statistical analyses were performed using SPSS version 16.0 (IBM SPSS Statistics, IBM Corporation, Chicago, IL, USA). The variables were investigated using analytical method (One Sample KolmogorovSmirnov test) to determine whether or not they were normally distributed. Categorical variables were expressed as percentages and continuous variables as mean ± standard deviation in the presence of normal distribution. In the presence of non-normal distribution, continuous variables were expressed as median (minimum-maximum). Comparisons between groups of patients were made using a c 2 test for categorical variables, an independent samples t-test for normally distributed continuous variables, and the Mann-Whitney U test when distribution was skewed. Paired samples T test was used to compare the change in angles from end-diastolic to end-systolic if the values were normally distributed, and Wilcoxon test was used if the distribution was skewed. While investigating the associations between normally distributed variables, the correlation coefficients and their significance were calculated using the Pearson test. In case of non-normally distributed variables and/or ordinal variables, the correlation coefficients and their significance were calculated using the Spearman test. A p value of 0.05 was considered statistically significant.
RESULTS
Study population
Baseline characteristics of the 201 patients examined are presented in Table 1 . The mean age was 55 ± 11 and 55.7% of patients were males. RCA was dominant in 173 (86.1%) patients. The most frequent division of LMCA was bifurcation (67.7%). Trifurcation type was identified in 64 (31.8%) patients and quadrifurcation type in 1 (0.05%) patient. The cranial take-off angle of the LMCA at the aortocoronary junction was 116 ± 16°. The most frequent bifurcation type of LMCA was type I (67.7%), followed by type III (20.9%) and type II (11.4%).
Dimensional and angular analyses of LMCA and LMCA bifurcation
Dimensional analyses of LMCA and LMCA bifurcation of study population are presented in Table 1 . Mean LMCA length was 10.0 ± 4.5 mm. The mean values of LMCA ostial, LMCA distal, LAD ostial and LCX ostial areas were 18.2 ± 5.1 mm 2 , 13.2 ± 4.0 mm 2 , 9.0 ± 3.2 mm 2 and 7.6 ± 2.8 mm 2 , respectively. LMCA distal area was ≤ 8.2 mm 2 in 5 (2.5%) patients, ostial LAD area was ≤ 6.3 mm 2 in 32 (15.9%) patients , and ostial LCX area was ≤ 5.0 mm 2 in 28 (13.9%) patients. The mean values of LMCA ostial-LMCA distal area ratio, LMCA distal-LAD ostial area ratio and LMCA distal-LCX ostial area ratio were 1.4 ± 0.3, 1.5 ± 0.4 and 1.8 ± 0.5, respectively ( Table 1) .
Degree of LMCA and LMCA bifurcation tapering are presented in Table 2 . The vessel segment between LMCA ostial and distal showed moderate tapering in 47 (23.4%) patients, pronounced tapering in 19 (9.5%) patients, and very pronounced tapering in 11 (5.5%) patients. The vessel segment between LMCA distal and LAD ostial showed moderate tapering in 53 (26.4%) patients, pronounced tapering in 24 (11.9%) patients, and very pronounced tapering in 19 (9.5%) patients.
Angular analyses of LMCA bifurcation are presented in Table 3 . End-diastolic angles of LMCA-LAD, LMCA-LCX and LAD-LCX were 153 ± 15°, 133 ± 23° and 85 ± 23°, respectively. The median value of DSR which is the absolute angle change regardless of the direction during cardiac cycle was 7.0° for LMCA-LAD, 11.1° for LMCA-LCX and 9.7° for LAD-LCX. DAC of LMCA-LAD from end-diastole to end-systole was statistically insignificant (p = 0.755), whereas it was statistically significant for LMCA-LCX and LAD-LCX (p < 0.001 and p < 0.001, respectively). The median value of DAC (end-diastolic minus end-systolic) of LMCA-LAD, LMCA-LCX and LAD-LCX was -0.7°, -8.7° and 8.3°, respectively. LMCA-LAD, LMCA-LCX and LAD-LCX BAs showed systolic increase in 103 (51.2%), 146 (72.6%) and 49 (24.4%) patients, respectively, and systolic decrease in 98 (48.8%), 55 (27.4%) and 152 (75.6%) patients, respectively.
Y-shaped vs. T-shaped distal LMCA bifurcation angle
Fifty-two patients had Y-shaped LMCA distal BA (distal BA < 70°) and 149 (74.1%) patients had T-shaped LMCA distal BA in the study group. Characteristics of study population according to LMCA distal BA shape are presented in Table 4 . Length of LMCA was higher in T-shaped group as compared to Y-shaped group (10.8 ± 4.5 mm vs. 7.9 ± 3.7 mm, p < 0.001). LAD ostial and LCX ostial areas were statistically higher in T-shaped group as compared to Y-shaped group (p = 0.001 and p = 0.034, respectively). As expected, end-diastolic and end-systolic angles of LMCA-LAD and LMCA-LCX were higher in Y-shaped group. The median value of DSR of LMCA-LCX and LAD-LCX BAs were higher in T-shaped group compared to Y-shaped group (12.1 vs. 8.3, p = 0.004 and 12.8 vs. 5.2, p < 0.001, respectively). DSR of LAD-LCX BA was ≥ 10° in 88 (59.1%) patients of T-shaped group and 10 (19.2%) patients of Y-shaped group (p < 0.001). Similarly, DAC of LMCA-LCX and LAD-LCX BAs were higher in T-shaped group compared to Y-shaped group (p = 0.011 and p < 0.001, respectively).
In patients with normal LMCA, end-diastolic distal LMCA BA were correlated with end-systolic distal BA 
DISCUSSION
The major findings of this study of 201 normal LMCA evaluated by CCTA imaging: 1) LMCA ostial-LMCA distal area and LMCA distal-LAD ostial area ratios were ≥ 1.44 in 77 (38.4%) and 96 (47.8%) patients respectively which implicates moderate to very pronounced tapering structure of LMCA and LMCA bifurcation; 2) Systolic motion modifies LMCA BAs; systolic motion begets an increment of LMCA-LAD angle in 72.6% of patients and decrement of LAD-LCX angle in 75.6% of the patients; 3) DSR of LAD-LCX angle was ≥ 10° in 98 (48.8%) patients and < 10° in 103 (51.2%) patients; 4) Patients with T-shaped distal BA was shown to have significantly longer LMCA, larger LAD ostial area, larger LCX ostial area and higher DSR of LAD-LCX angle compared to patients with Y-shaped distal BA; 5) Both LAD and LCX ostial areas showed weak positive correlation with LMCA distal BA, whereas DSR of LAD-LCX angle showed moderate positive correlation with LMCA distal BA.
Appropriate stent expansion is crucial to prevent DES stenosis and thrombosis [10, 17] . It is reported that MLA predicting in-stent restenosis after LMCA bifurcation stenting is < 5.0 mm 2 for ostial LCX, < 6.3 mm 2 for ostial LAD, < 7.2 mm 2 for LMCA bifurcation segment and < 8.2 mm 2 for LMCA [17, 20] . LCX with ≥ 2.5 mm diameter is usually considered a major side branch favouring a two-stent technique in case of extended lesion to proximal LCX [20, 23] . Presence of small LCX with < 2.5 mm luminal diameter (or < 4.9 mm 2 MLA according to area calculation formula) favours provisional one-stent approach rather than two-stent approach [23] . In the present study, we found that 86.1% of patients have LCX area > 4.9 cm 2 .
Vessel tapering of a stenotic vessel is an important issue for stenting [30] . Stents have generally tubular shape and are designed to be selected slightly larger in diameter than artery for proper expansion [30] . Stent size selection is generally determined based on a stent-to-artery ratio of 1.0:1 to 1.2:1 [15] . Nevertheless, particularly in left main [5] and likewise long and bifurcated lesions [20, 29] , vessel tapering can be an important problem, which may not be adequately solved by conventional tubular stents [30] . Thus, a large diameter mismatch at the distal site of the stent may lead to damage in the arterial wall, increased wall stress, endothelial dysfunction and, as a result, worse clinical outcomes [5, 27, 30] . Also, in case of pronounced tapering, there is a possibility of underexpansion of distal end of the stent and attempts for obtaining proper expansion with balloon dilatation may further increase the vascular injury. In the present study, LMCA ostial-LMCA distal area and LMCA distal-LAD ostial area ratios were ≥ 1.44 in 77 (38.4%) and 96 (47.8%) patients respectively which implicates moderate to very pronounced tapering structure of LMCA and LMCA bifurcation. It should be remembered that tapering can be more pronounced in the diseased vessels [16] . Tapering of a stenotic vessel is associated with additional challenges such as risk of overexpansion at proximal end if the diameter of the stent is not properly selected or main vessel diameter is higher than the maximal diameter option of the stent. It is recommended to select stent diameter which allows for expansion to the reference diameter of the proximal main vessel, this can be possible with overexpansion of the stent by large balloons [20] . But, overexpansion may lead to stent fracture which carries thrombosis risk [2, 7, 21] . Maximal diameter of most available DESs in the market is 4.0 mm and the manufacturers do not recommend dilating these stents more than 4.5 mm, because of the risk of incomplete sent apposition, plaque prolapse, impaired drug delivery, and strain and dissection of the arterial tissue [9] . In the present study, areas of more than 15.9 mm 2 (calculated MLA of diameter 4.5 cm according to area calculation formula) at LMCA ostial, LMCA distal and LAD ostial regions were found in 63.2%, 16.9% and 3.0% of patients, respectively.
Cardiac motion alters the LMCA BAs [11, 26] . It was demonstrated that mean value of LAD-LCX angle decreases and mean value of LMCA-LCX angle increases due to systolic motion [11, 12] . Our findings are consistent with the previous studies. Additionally, we demonstrated that LAD-LCX increases in 49 (24.4%) patients and LMCA-LCX angle decreases in 55 (27.4%) patients due to systolic motion. These findings are also consistent with recently published study by Handran et al. [14] . Additionally, we found that DSR of LAD-LCX angle was ≥ 10° in 48.8% and < 10° in 51.2% of the patients.
The European Bifurcation Club has advised routine measurement of LMCA-LAD BA (or distal LMCA BA) for planning bifurcation treatment strategy and for the prediction of procedural outcomes [19, 20, 26, 29] . A T-stent or modified T-stent, or TAP (T-and-protrusion) techniques are considered for T-shaped (≥ 70%) LMCA distal BA lesions because of its contribution to complete coverage of the bifurcation [19, 20, 26, 29] . On the other hand, culottes or mini-crush techniques are preferred for Y-shaped or V-shaped (< 70%) distal LMCA BA [19, 20, 26, 29] . Substantive role of distal LMCA BA on procedural side branch (SB) occlusion and patients' outcome is controversial [19, 20, 26] . Previous studies have found that LMCA distal BA > 70° carries higher risk of SB occlusion than distal BA < 70° [1] . COBIS II Registry demonstrated that preprocedural stenosis ≥ 50% in SB and proximal main vessel, SB lesion length and acute coronary syndrome are independent predictor of increased risk of SB occlusion and LMCA PCI is independent predictor of decreased risk of SB occlusion [13] . In a recently published trial using special risk scoring system to predict SB occlusion found a relationship between distal non-LMCA BA with SB occlusion and no SB occlusion was recorded in LMCA PCI patients. SB occlusion seems to be occurring less frequently in LMCA lesions than in non-LMCA [8] . This may be due to the large structure of SB (LCX) of LMCA lesions as compared to non-LMCA. In the present study, 74.1% of the patients had T-shaped LMCA. Unexpectedly, patients with T-shaped LIMA had larger LAD and CX ostial areas than patients with Y-shaped LMCA, and these areas showed weak positive correlation with distal LMCA angle. These findings might explain why an unfavourable finding of non-LMCA bifurcation is not associated with SB occlusion in LMCA bifurcation lesions. Additionally, in the present study, we found that distal LMCA has moderate positive correlation with DSR of distal LMCA and T-shaped LMCA group has higher DSR of distal LMCA BA. We also found that patients with T-shaped LMCA have longer LMCA than Y-shaped LMCA, but the clinical importance of this finding is not clear.
Limitations of the study
Major limitation of our study is the inclusion of patients with normal LMCA and patients with diseased LMCA with various degree of stenosis were not included. So, we comment as the distal LMCA angles will not be affected after the stenosis formation at distal LMCA. We can compare normal LMCA with diseased LMCA for investigating the effect of atherosclerosis on these BAs. We did not measure the diameter at the middle of LMCA to better reveal its shape. Additionally, LMCA BAs may be significantly different in heart failure and other structural heart diseases, but patients with structural heart diseases were excluded from the present study.
CONCLUSIONS
In conclusion, LMCA and LMCA bifurcation have wide variety of dimensions and frequently have tapering shape. Systolic motion significantly affects LMCA-LCX and LAD-LCX angles and mostly results in a reduction of LAD-LCX BA and an increment of LMCA-LCX BA. Patients with T-shaped distal BA was found to have significantly longer LMCA, larger LAD ostial area, larger LCX ostial area and higher DSR of LAD-LCX angle compared to patients with Y-shaped distal BA.
